Previous data indicate that HU results in cardiac sympathovagal imbalance. It is well established that cardiac sympathovagal imbalance increases the risk for developing cardiac arrhythmias. The cardiac gap junction protein connexin 43 (Cx43) is predominately expressed in the left ventricle (LV) and ensures efficient cell-to-cell electrical coupling. In the current study we wanted to test the hypothesis that HU would result in increased predisposition to cardiac arrhythmias and alter the expression and/or phosphorylation of LV-Cx43. Electrocardiographic data using implantable telemetry were obtained over a 10-to 14-day HU or casted control (CC) condition and in response to a sympathetic stressor using isoproterenol administration and brief restraint. The arrhythmic burden was calculated using a modified scoring system to quantify spontaneous and provoked arrhythmias. In addition, Western blot analysis was used to measure LV-Cx43 expression in lysates probed with antibodies directed against the total and an unphosphorylated form of Cx43 in CC and HU rats. HU resulted in a significantly greater total arrhythmic burden during the sympathetic stressor with significantly more ventricular arrhythmias occurring. In addition, there was increased expression of total LV-Cx43 observed with no difference in the expression of unphosphorylated LV-Cx43. Specifically, the increased expression of LV-Cx43 was consistent with the phosphorylated form. These data taken together indicate that cardiovascular deconditioning produced through HU results in increased predisposition to cardiac arrhythmias and increased expression of phosphorylated LV-Cx43. hindlimb suspension; microgravity; deconditioning; depression; sympathetic; parasympathetic HINDLIMB UNLOADING (HU) in rats is a well-established model used to simulate the effects of microgravity and results in deconditioning of the cardiovascular system (34). Elevation of the rat's hindlimbs through tail suspension results in activation of cardiopulmonary receptors in response to immediate fluid shifts followed by reflex reductions in blood and plasma volume (12, 30, 37) . After 14 days of HU, these animals experience resting tachycardia, baroreflex dysfunction, and decreased exercise capacity in the normal posture (31, 32, 35, 58) . These effects are similar to those observed in humans following exposure to prolonged bedrest or a microgravity environment (9, 11, 15, 21, 43) .
hindlimb suspension; microgravity; deconditioning; depression; sympathetic; parasympathetic HINDLIMB UNLOADING (HU) in rats is a well-established model used to simulate the effects of microgravity and results in deconditioning of the cardiovascular system (34) . Elevation of the rat's hindlimbs through tail suspension results in activation of cardiopulmonary receptors in response to immediate fluid shifts followed by reflex reductions in blood and plasma volume (12, 30, 37) . After 14 days of HU, these animals experience resting tachycardia, baroreflex dysfunction, and decreased exercise capacity in the normal posture (31, 32, 35, 58) . These effects are similar to those observed in humans following exposure to prolonged bedrest or a microgravity environment (9, 11, 15, 21, 43) .
Previous data indicate that HU results in cardiac sympathovagal imbalance (33, 35) . We found that selective autonomic blockade in male, Sprague-Dawley rats confined to 14 days of HU revealed an augmented reduction in heart rate (HR) to intravenous administration of the ␤-blocker propranolol and were lacking cardiac parasympathetic (vagal) tone to the heart as intravenous administration of atropine produced little increase in HR. Heart rate variability (HRV) was also significantly reduced in these animals as evidenced by the reduction in the standard deviation of the normal-to-normal pulse interval variability (SDNN) (33) .
Cardiac sympathovagal imbalance increases the risk for developing fatal arrhythmias (48, 56, 61) and indicates poor prognosis following cardiovascular insult or injury (26, 53) . Both increases in cardiac sympathetic nervous system activity (20, 46, 52, 61) , as well as reductions in cardiac parasympathetic tone in both humans and animals, have been implicated in increased arrhythmogenic risk (18, 19, 55) presumably through loss of accentuated antagonism. Our previous data indicate a dramatic loss in accentuated antagonism in cardiac autonomic tone following HU deconditioning (33) . Interestingly, although there are few well-designed studies that have systematically evaluated the arrhythmogenic risk to astronauts during microgravity, numerous anecdotal reports of arrhythmogenic events during spaceflight exist (14, 16, 23) . Of particular relevance is the observation that many of these arrhythmic events during spaceflight have occurred at times of stressful maneuvers. This suggests that the sympathetic stress imposed upon the deconditioned heart may be particularly arrhythmogenic.
Although the cellular mechanisms responsible for increased arrhythmogenesis downstream to a loss in cardiac autonomic balance are not well understood, one possible mechanism could include an alteration in the expression and phosphorylation status of the gap junction protein connexin 43 (Cx43) . Cx43 is a 43-kDa protein expressed primarily within mammalian ventricles at the intercalated discs and ensures efficient cell-to-cell electrical coupling (8, 22, 24) . Significant alterations in the expression of Cx43 have been implicated in the pathogenesis of ventricular arrhythmias following infarction (51) and heart failure (1, 2) . Similarly, changes in the phosphorylation of Cx43 has been found to significantly alter propagation of cardiac action potentials and increase arrhythmogenesis in a number of pathological states (8) including cardiomyopathic heart failure (44) and myocardial ischemia (54) . In addition, data indicate that states in which changes in cardiac autonomic tone may occur, such as that following chronic exercise training and vagus nerve stimulation, may alter the expression and phosphorylation of Cx43 (4, 7, 59, 60) . Therefore, in the current study we hypothesized that reduced cardiac sympathovagal imbalance produced through the course of HU would result in increased predisposition to cardiac arrhythmias and significantly alter left ventricular (LV) Cx43 expression and/or phosphorylation. To test this hypothesis we examined the incidence of spontaneously occurring cardiac arrhythmias as well as those induced in response to a sympathetic pharmacological and behavioral stressor. Additionally, we measured the expression and phosphorylation status of LV-Cx43 in male Sprague-Dawley rats following HU or control condition. Our data indicate that HU results in increased predisposition to ventricular arrhythmias during an acute sympathetic/behavioral stressor and significantly increases the expression of LV-Cx43, likely of the phosphorylated form.
METHODS

General Experimental Design
Two sets of experiments were performed to test the central hypothesis that HU would result in an increased predisposition to cardiac arrhythmias and alter the expression of LV-Cx43. In experiment 1, rats (n ϭ 12) were randomly assigned to the casted control (CC; n ϭ 6) or HU (n ϭ 6) condition. Rats were implanted with radiotelemetry probes, and the spontaneous arrhythmias that occurred during the 10-to 14-day CC or HU period as well as the arrhythmogenic effects in response to a sympathetic stressor following CC and HU were measured and compared between groups.
In experiment 2, we conducted control (n ϭ 2) experiments validating the use of the polyclonal and monoclonal antibodies to detect the expression and phosphorylation status of Cx43. To avoid the confounding effects of isoproterenol (Iso) administration in experiment 1, in a separate group of rats (n ϭ 10) randomly assigned to CC (n ϭ 5) and HU (n ϭ 5) groups we probed lysates with these antibodies specific to the unphosphorylated form of Cx43.
Animals
A total of 24 individually housed male, Sprague-Dawley rats (250 -350 g) were used for the experimental procedures. Food (Teklad Laboratory Diet, Harlan Laboratories) and water were available ad libitum during the experiments. Temperature was maintained at 22 Ϯ 2°C, and the light cycle was held at 12:12 with lights on at 0600. Rats were allowed at least 1 wk to acclimate to the surroundings before any experimental manipulations. All procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by Des Moines University's Institutional Animal Care and Use Committee.
Hindlimb Unloading Procedure
Hindlimb unloading was induced through elevation of the hindlimbs with a harness attached to the proximal two-thirds of the tail by techniques previously described (32) . Briefly, two hooks were attached to the tail with moleskin adhesive material. A curved rigid support made of lightweight plastic (X-lite splint, AOA/Kirschner Medical, Timonium, MD) was placed beneath the tail to allow adequate blood flow. The hooks were connected by a wire to a swivel apparatus at the top of the cage, and the hindlimbs were elevated so there was no contact with supportive surfaces. Rats were maintained in a suspension angle of ϳ30 -35°. A small thoracic cast made from plaster of Paris was applied to reduce lordosis and help prevent the rats from reaching the tail apparatus. Casted control rats had thoracic casts applied and were singly housed but maintained in a normal cage environment. Hindlimb unloaded rats were adapted to the cage apparatus by temporarily suspending animals with a piece of athletic tape attached to the proximal tail for 1-2 h, 2-3 days before full instrumentation. Animals remained in the HU or CC conditions for 10 -14 days, with the exception of temporary reloading onto the hindlimbs for 30 min per day. Casted control rats were handled an equal amount of time to control for time HU rats interacted with the experimenters. Body weights were recorded before and after the control or HU period. During the unloading protocol, the rats were monitored twice daily for adequate food and water intake, grooming behavior, and urination and defecation. Body weight was monitored on the seventh day of the HU protocol to ensure that animals were not experiencing excessive loss of body weight. Identical procedures were used for eliciting HU in all three sets of experiments.
Telemetry Implantation
Animals were surgically implanted with a radiotelemetry probe (C50-PXT; Data Sciences International, St. Paul, MN) to record the electrocardiocardiogram (ECG), heart rate (HR), and mean arterial pressure (MAP). Surgical procedures were performed using aseptic technique under isoflurane anesthesia. Via a midline laparotomy, blood flow through the abdominal aorta was briefly halted, and the nonoccluding catheter of the blood pressure transducer was advanced into the abdominal aorta via a small puncture into the aorta with a 16-gauge needle. The blood pressure catheter was secured with an n-butyl cyanoacrylate adhesive (Vetbond; 3M, St. Paul, MN) and a cellulose patch. The bipolar ECG leads were tunneled subcutaneously and fixed in a lead II configuration by suturing the bare ends of each lead to the right pectoral muscle and lateral abdominal wall, respectively. The transmitter was sewn to the abdominal wall, and all incisions were closed with sterile skin staples (9 mm Auto Clips, MikRon Precision; Gardena, CA). Immediately following surgery rats were given antibiotics (ampicillin, 200 mg/1 kg im; and Baytril 10 mg/kg im), analgesics (Butorphenol, 1 mg/kg im; or Rimadyl, 5 mg/1 kg sc), and lactated Ringer solution, USP (3-5 ml sc; B Braun Medical, Fisher Scientific). Antibiotic ointment was also applied to all incision sites. Rats were placed on a heat source during acute surgical recovery. Rats were checked daily to ensure they were eating, drinking, and had adequate urination and defecation. All incision sites were checked daily. Staples were removed 7-10 days after surgery, and antibiotic ointment was applied to the skin.
Animals were given at least 14 days to recover from surgical procedures before further manipulation.
Spontaneous Arrhythmia and Electrocardiographic Parameter Measurement
Radiotelemetry data were collected at a sampling speed of 1,000 Hz for 5 min each hour over a 48-h period. This collection occurred during four specific time periods over the HU or CC protocol. These four time periods included: 1) a 48-h baseline (BL) recording started 14 days after radiotelemetry implantation and before any experimental manipulation, 2) first 48 h of HU/CC condition (Early), 3) a 48-h mid-HU/CC recording (Mid) recording took place on days 6 and 7 in the HU/CC protocol, and 4) a 48-h late HU/CC recording (Late) recording was collected during the last 48 h the animal was in the 10-to 14-day HU/CC protocol. Spontaneously occurring cardiac arrhythmias were identified and scored according to scoring methods stated below. To standardize the observation times in all animals, spontaneous arrhythmias were quantified as the arrhythmic index as defined below. ECG data for the measurement of basic ECG parameters were obtained in the normal posture at baseline and at the conclusion of the 14-day protocol in the normal posture at the same relative time during the day in both groups of animals.
Cardiac Arrhythmia Provocation
The arrhythmogenic response to an acute sympathetic stressor was measured in all rats through administration of the nonspecific ␤-adrenergic agonist Iso immediately followed by brief handling/restraint. Before the stress test, rats were removed from the HU or CC cage environment and placed in the normal posture in a separate recording cage on a telemetry receiver. After a 30-min acclimation, baseline parameters were recorded continuously for a period of 10 min. Iso was then injected subcutaneously (150 g/kg). Fifteen minutes after Iso administration, rats were subjected to a brief handling/restraint procedure by placing the animals in a small Plexiglas holder for 1 min.
After the brief restraint there was a 10-min postrecording. Throughout the experiment the ECG and arterial blood pressure were continuously monitored. After the stress test, rats were euthanized by an overdose of anesthetic (4% isoflurane), and the soleus muscles were dissected free from the hindlimb weighed and "flash" frozen in liquid nitrogen for later measurement of citrate synthase activity. A thoracotomy was performed to ensure complete euthanasia.
Citrate Synthase Activity
At the conclusion of the HU or CC protocol, frozen soleus muscles obtained from the rats included in experiment 1 were homogenized in 19 volumes KPO 4 buffer, sonicated, and centrifuged to extract citrate synthase from the whole muscles. Citrate synthase activity was measured by a colorimetric assay using 5,5=-dithiobis-(2-nitrobenzoate) as a substrate, according to the method of Serre (47) . Absorbance at 412 nm was used to calculate citrate synthase activity (in mol·g Ϫ1 ·min
Ϫ1
).
Left Ventricular Cx43 Expression Measurements
LV Cx43 protein was quantified by Western blot analysis. After the experimental protocol, rats were deeply anesthetized with 4% isoflurane. The chest wall was opened and the beating heart was removed and placed in 0.9% saline solution to prevent clots from forming. The heart was then rapidly dissected to isolate the LV, which was weighed and then frozen in liquid nitrogen. Pulverized frozen samples of the LV were homogenized in a lysis buffer referred to as ϩPI buffer [containing 10 mM Tris, 1% Triton X-100, 5 mM disodium EDTA, 50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM NaF, 0.1 mM sodium orthovanadate, 0.3 mM PMSF, and 1:200 protease inhibitor cocktail from Sigma]. Homogenates were then sonicated at 17-19 watts on ice for 1 min, 3 times with a 2-min rest between each sonication. The homogenates were centrifuged for 15 min at 21,000 g at 4°C.
After centrifugation the pellet was discarded and supernatants were then recentrifuged for another 30 min at 21,000 g at 4°C. Once again the pellet was discarded and the protein concentration in the supernatant was determined using the Pierce BCA Protein Assay (Thermo Scientific, Rockford, IL). Protein samples (25 g) were then separated by 10% SDS-PAGE and transferred to a PVDF membrane. The membrane was blocked with a 5% milk blocking buffer overnight at 4°C. After the block was completed, the membrane was then incubated with rabbit anti-Cx43 antibody (lot no. 683982A, Invitrogen Polyclonal-Cx43) diluted 1:1,000 in 5% milk blocking buffer overnight at 4°C. Blots were then incubated for 1.5 h at room temperature with horseradish peroxidase-conjugated anti-rabbit IgG (HϩL, Promega, Madison, WI) diluted 1:5,000 in 5% milk blocking buffer. Protein expression was then visualized and imaged (Molecular Image ChemiDoc XRS Imaging System, Bio-Rad) by adding chemiluminescence reagent (Super Signal West Pico Chemiluminescent Substrate, Thermo Scientific, Rockford, IL) to the membranes. To control for loading, samples were also probed with an ERK2 polyclonal antibody (Santa Cruz Biotechnology) diluted 1:5,000 in 5% milk using the same methods described above.
With the use of a modified version of the protocol above, the phosphorylation status of LV Cx43 protein was assessed using a monoclonal antibody directed against the unphosphorylated form of Cx43 at Ser368 (36) . Pulverized frozen samples of the LV were homogenized in either the ϩPI buffer or a modified buffer, designated ϪPI [containing mM 10 Tris, 1% Triton X-100, 50 mM NaCl, 0.3 mM PMSF, and 1:200 protease inhibitor cocktail from Sigma], which lacked the phosphatase inhibitors sodium pyrophosphate, NaF, and sodium orthovanadate. To determine the specificity of the monoclonal antibody to detect unphosphorylated Cx43, ϪPI-extracted samples were treated with 2 l of calf intestinal alkaline phosphatase (ϩCIP) (New England BioLabs). Protein samples (50 g) were separated by 10% SDS-PAGE, transferred to a PVDF membrane, and probed with either an anti-Cx43 polyclonal antibody (Invitrogen, Camarillo, CA) diluted 1:1,000 in 5% milk blocking buffer or mouse anti-Cx43 monoclonal antibody (Invitrogen) diluted 1:500 in 5% milk blocking buffer. Previous studies have shown anti-Cx43 polyclonal antibody recognizes both the phosphorylated and unphosphorylated forms of Cx43 (5, 6), while anti-Cx43 monoclonal antibody is specific for an unphosphorylated form of Cx43 (36) . Use of these anti-Cx43 antibodies allowed for distinguishing between phosphorylated and unphosphorylated forms of Cx43.
Electrocardiographic Analysis, Cardiac Arrhythmia Identification, and Scoring
Baseline and post-HU ECG parameters of PR interval, QRS duration, and the QT interval duration corrected to HR (QT c) via Bazett's formula were measured using PowerLab ECG data analysis extension. Arrhythmias occurring spontaneously at BL, Early, Mid, and Late time periods during the HU and CC protocol, as well as in response to an acute sympathetic stressor, were identified and compared. Arrhythmic events were identified according to the Lambeth Convention guidelines (57) and quantified using a modification of a scoring system previously described (25) (Fig. 1 ). Arrhythmias were assigned a score of 0 (sinus complex) to 4 based on the level of severity for purposes of quantification and statistical comparison. The following arrhythmic events were given a score of 1: premature supraventricular beat (PSVB), isolated premature ventricular complex (PVC), and atrioventricular (AV) block. Atypical or absent P waves along with irregularly spaced R waves were defined as PSVB (Fig. 1B ). Isolated and identifiable premature QRS complexes (premature in relation to the cardiac cycle) were defined as PVCs (Fig. 1C) . AV block was identified as a sinus originating P wave in the absence of a following QRS complex (Fig. 1D ). The following arrhythmic events were given a score of 2: supraventricular tachycardia (SVT) and salvo. Atypical or absent P waves, normal width QRS complexes, and increased HR for three or more consecutive complexes were markers of premature supraventricular tachycardia (PSVT) (Fig. 1E) . Two or three consecutive PVCs were termed salvo (Fig. 1F) . A score of 3 was assigned to the following arrhythmic events: bigeminy, ventricular tachycardia (VT), and sustained supraventricular arrhythmias. Bigeminy was characterized by alternating PVCs and sinus complexes (Fig. 1G) . Ventricular tachycardia was defined as a run of four or more consecutive PVCs (Fig. 1H ). Sustained supraventricular arrhythmias were defined as Ͼ10 consecutive supraventricular events. Sustained ventricular tachycardia (Ͼ10 consecutive premature ventricular beats) and ventricular fibrillation were assigned a score of 4.
Arrhythmic indices were defined and computed as follows. 1) Arrhythmic score: after each arrhythmic event was identified and quantified, an arrhythmic score was calculated by taking the score times number of arrhythmic events for that arrhythmia. 2) Arrhythmic burden: from the arrhythmic score the arrhythmic burden for each observation period was calculated. The arrhythmic burden was defined as the sum of the arrhythmic scores occurring over the observation period. 3) Arrhythmic index: to standardize the number of arrhythmias by the observation time, an arrhythmic index was calculated by taking the arrhythmic burden and dividing this number by the total minutes analyzed.
Statistical Analysis
All data were expressed as means Ϯ SE. The mean arrhythmic index was calculated for each group and statistical compared between groups for the BL, Early, and Late time periods of the HU/CC protocol using a two-way ANOVA with repeated measures. Mean electrocardiographic parameters measured at baseline pre-and post-HU were compared using two-way ANOVA with repeated measures. Mean values of the arrhythmic index for supraventricular and ventricular arrhythmias were calculated within each group for BL, Early, Mid, and Late time periods. These values were then summed within each group to give a total supraventricular arrhythmic index and total arrhythmic ventricular index for each group over the HU/CC protocol. The total supraventricular index and total ventricular arrhythmic indices were statistically compared between the CC and HU groups using a two-way ANOVA.
Mean values of HR, MAP, and SDNN during the 10-min baseline period in the normal posture were statistically compared between the HU and CC groups using independent t-tests. Mean values of HR, MAP, arrhythmic burden, and arrhythmic index were calculated within each group for the BL, Iso administration, and brief handling/ restraint (BR) time frames of the acute stress test. Data were statistically compared between the HU and CC groups by two-way ANOVA with repeated measures. Within each group the mean values for the total arrhythmic burden, supraventricular arrhythmic burden, and ventricular arrhythmic burden at BL, Iso, and BR were summed to give a total arrhythmic burden, total supraventricular arrhythmic burden, and total ventricular arrhythmic burden for each group. These data were statistically compared between the HU and CC animals by independent t-tests.
Changes in body weight were compared using two-way ANOVA with repeated measure design. Western blot densitometric data, soleus wet weights, muscle weight-to-body weight ratios, whole heart weights, and LV weights were compared between the HU and CC groups by independent t-tests. When ANOVA indicated significant primary effects of an intervention or a significant interaction a Tukey's post hoc analysis of significant effects was performed. For all statistical analyses, a probability of P Ͻ 0.05 was considered to be statistically significant.
RESULTS
Experiment 1
Hindlimb unloading. The changes in MAP, HR, and SDNN at baseline before the 14-day protocol and then during the 14-day HU protocol are shown in Fig. 2 . Data indicate that baseline MAP, HR, and SDNN were not different between the groups when measured in the normal posture before the 14-day protocol. However, both MAP and HR were significantly elevated in both groups of rats during the early time point, whereas HR remained elevated during the protocol and was significantly higher than CC rats. Although MAP was elevated above baseline in HU rats at both the early and late time point, it was not different between groups at either of these time points. The SDNN was not different between the groups throughout the 14-day protocol while animals were in the unloaded position.
Baseline cardiovascular parameters, body weight, soleus muscle weights, and soleus citrate synthase activity recorded from the rats included in experiment 1 after the 14-day protocol are shown in Table 1 . Body weight significantly increased in CC rats and significantly decreased in HU rats during the protocol. In addition, a significant atrophy resulted from the deconditioning protocol in HU rats as evidenced by a lower absolute and relative wet weight of the soleus and plantaris hindlimb muscles compared with CC counterparts. Hindlimb unloading also resulted in a significantly lower citrate synthase enzymatic activity in the soleus muscle compared with CC rats indicating lower oxidative capacity following deconditioning. Baseline cardiovascular data obtained in the normal posture immediately following the 14-day protocol indicate that HU resulted in a significant resting tachycardia. This tachycardia was further elevated from that measured in the head-down posture. In addition rats had elevated MAP and reduced HRV as well as a lower SDNN compared with the CC group in the normal posture. These findings verify both cardiovascular and musculoskeletal deconditioning following HU, and highlight the cardiovascular adjustments that occur when animals go from a suspended (unloaded, head-down posture) (Fig. 2) to resumption a normal posture (Table 1) .
Electrocardiography and spontaneous arrythmias. Baseline and post-HU ECG parameters were measured in both groups of rats. Data indicate that while there were no differences in baseline ECG parameters between groups, HU resulted in a significantly shortened PR interval, while the QT c increased in both groups over the 14-day protocol ( Table 2 ). Spontaneously occurring arrhythmias were identified and scored at BL and at three different time points during the CC and HU protocol (Fig. 2 ). Since we were not able to obtain identical observation times for all animals, the arrhythmic index was used to compare the arrhythmic burden between groups. Data indicate that while both groups of rats were virtually free from arrhythmias at baseline, there was a significant increase in the number of spontaneous arrhythmias sustained by HU rats during the first 48 h (Early) of the protocol as indicated by a significantly higher arrhythmic index for HU rats during this time point (Fig. 2D) . These spontaneous arrhythmias largely resolved during the HU intervention as there were no significant differences in the arrhythmic index at the Mid (days 6 -7) or Late (last 48 h) time points of the protocol. When the total arrhythmic index over all time points was combined and categorized, data indicate that HU rats had a significantly greater incidence of supraventricular arrhythmias during the HU intervention with a trend toward an increase in ventricular arrhythmias (Fig.  2D, inset) .
Cardiac arrhythmia provocation. The arrhythmogenic response to a sympathetically induced pharmacological and behavioral stressor in HU versus CC rats in the normal posture following the 14-day protocol is shown in Fig. 3 . Since identical observation periods were utilized among all rats, the arrhythmic burden was used to compare these responses. Twoway ANOVA for repeated measures indicate a significant group and stressor effect, thus HU rats sustained significantly more cardiac arrhythmias during all three time points, and there was a progressive increase in arrhythmic burden from baseline to Iso administration and then with the addition of brief restraint (Fig. 3A) . It is interesting to note that when brief restraint was administered, the arrhythmic burden increased further in HU rats, whereas this behavioral stressor did not initiate any further arrhythmogenesis in the CC group. Further statistical analysis of the classification of the arrhythmic burdens over these time periods revealed a significantly greater group effect in HU rats as well as a significantly more ventricular than supraventricular arrhythmias during these stressors (Fig. 3B) . Figure 4 illustrates the analysis of the number (Fig. 4A) and frequency (Fig. 4B) by classification of arrhythmic events. The type of event is arranged according to the severity for baseline (Fig. 4B, top) , Iso (middle), and Iso ϩ BR (bottom). These data indicate that there was a generalized increase in the number and frequency events in HU versus CC rats as well as a shift toward more severe arrhythmias during Iso ϩ BR.
Taken together these data confirm our original hypothesis that HU would result in an increased predisposition to cardiac arrhythmias during an acute stressor. Additionally, it appears that the increased arrhythmic risk following deconditioning is largely driven by an increase in the predisposition to more severe ventricular rhythms.
Hemodynamic response to sympathetic stressors. The HR and blood pressure response at baseline, following administration of Iso, and the addition of BR are illustrated in Fig. 5 . As shown in Table 1 , HU rats had a significantly elevated HR and MAP during the 10-min BL observation period, whereas ad- A: there were significant main effects of group and stressor on the arrhythmic burden, thus HU rats had significantly more arrythmias than CC rats for all three stressors. *P Ͻ 0.05 Significant main effect for group; #P Ͻ 0.05 significant main effect for stressor. B: classification of arrhythmias during the acute stressors. There was a significant main effect for group and for category of arrhythmias. Thus HU rats had significantly more ventricular and supraventricular arrhythmias during the acute stressors. *P Ͻ 0.05 significant main effect for group; #P Ͻ 0.05 significant main effect for category of arrythmia.
ministration of Iso elicited a dramatic tachycardia and hypotensive response in both groups of rats with no significant differences between the CC and HU rats observed. Upon administering BR, the hypotensive response to Iso was largely reversed in the HU but not CC rats as evidenced by a significantly higher absolute MAP response to BR in the HU rats. Thus the addition of this behavioral stressor likely evoked peripheral sympathetic stimulation of a level sufficient to increase total peripheral resistance in the HU rats. There were no additional increases in the HR response to BR and no differences in the absolute HR during BR between groups.
Experiment 2
Hindlimb unloading. The effects of HU on body weight, soleus muscle weight, and cardiac weight from rats included in experiment 2 are shown in Table 3 . Data indicate that HU rats in this experiment underwent deconditioning to a nearly identical extent as evidenced by significant reduction in both the absolute and relative soleus muscle weights. Additionally, there were no significant differences in either absolute whole or LV heart wet weight, as well as no significant difference between the groups with respect to heart weight-to-body weight ratios or LV-to-body weight ratios.
Specificity of Cxn43 antibodies. Control experiments validating the specificity of our chosen Cx43 antibodies in Sprague-Dawley rats are shown in Fig. 6 . Cx43 was extracted from the LV of control rats using either a detergent-based buffer containing phosphatase inhibitors (ϩPI) or detergentbased buffer containing no phosphatase inhibitors (ϪPI). Extract from ϪPI samples were further treated with calf intestinal alkaline phosphatase (ϩCIP) to ensure dephosphorylation of Cx43 proteins. Subsequently, Western blot analysis was performed with an anti-Cx43 polyclonal antibody that recognizes total Cx43 (phosphorylated and unphosphorylated) and an anti-Cx43 monoclonal antibody (Cx43 Ser 368) that recognizes an unphosphorylated form of Cx43. Lysis in the ϩPI buffer revealed a dominant band at 43 kDa (P 1 ) in Fig. 6A (phosphor- ylated Cx43) and no detectable band in Fig. 6B (unphosphorylated Cx43). In contrast, ϪPI/ϩCIP conditions resulted in a dominant band at 41 kDa (P 0 ), which represents dephosphorylated Cx43 and is observed when probing for total Cx43 or Cx43 Ser368 (36) . With the use of ERK2 as a loading control, no detectible differences in expression between the two conditions were observed (Fig. 6C) . These data provide evidence that the different migrating patterns of the Cx43 protein are due to differences in the phosphorylation status of Cx43, and that Cx43 in different phosphorylated forms can be detected through the use of a monoclonal antibody and polyclonal antibody chosen for these experiments.
Left ventricular Cx43 expression. The effects of HU on the expression of LV-Cx43 from rats included in experiment 2 are shown in Fig. 7 . Again, lysate from the LV in HU (n ϭ 5) and CC (n ϭ 5) rats included in experiment 2 were subjected to Western blot analysis. A representative set of blots is shown in Fig. 7A . These findings suggest a higher level of total Cx43 expression in the HU animals compared with the CC animals at the P 1 position. Membranes probed with ERK2 (loading control) showed no difference in expression between the groups. Densitometric analysis demonstrates a significant increase in the expression of LV-Cx43 in HU versus CC animals (Fig. 7B) .
Since the migration of this single band appears to be such that it corresponds to the phosphorylated form of Cx43, to further explore this possibility we probed with a monoclonal antibody specific to the unphosphorylated form of Cx43, which recognizes the unphosphorylated Ser368 residue. Results show very little unphosphorylated Cx43 expression (P 0 ) in both CC and HU rats (Fig. 7A, middle) , and the mean data confirm this result indicating no significant difference between the groups (Fig. 7C) . Taken together these results confirm our original hypothesis in that HU resulted in a significant change in the expression and phosphorylation of LV-Cx43, specifically resulting in an increased expression of phosphorylated Cx43 and no detectable difference in levels of unphosphorylated Cx43.
DISCUSSION
In the current study, we examined the hypothesis that HU would result in increased predisposition to cardiac arrhythmias and alter the expression and phosphorylation status of the gap junction coupling protein Cx43. Confirming our hypothesis, HU resulted in increased ventricular arrhythmogenesis in response to acute stressor, and furthermore, we observed that HU results in an increase in the expression of Cx43, most likely of the phosphorylated form. These findings suggest that the cardiac autonomic imbalance that occurs in response to cardiovascular deconditioning results in an increased risk for sustaining cardiac arrhythmias, most notably during a behavioral stressor in the face of sympathetic activation. In addition, HU results in an alteration in the expression and phosphorylation status of Cx43, which not only provides insight into the cardiac adjustments following deconditioning, but may provide a model for new insights regarding the regulation and phosphorylation of Cx43 expression in the pathophysiology of cardiac arrhythmogenesis in the absence of ischemia or LV hypertrophy.
Previous results indicate that through the process of adaptation to HU, rats develop a pronounced cardiac autonomic imbalance (33, 35) . Increased predisposition to cardiac arrhythmias in the face of sympathovagal balance has been well described in both human and animal models (3, 53, 55) . Accordingly, we hypothesized that the cardiac autonomic imbalance following HU would confer increased risk for sustaining cardiac arrhythmias. In the current study we found that HU rats did sustain a greater number of spontaneous cardiac arrhythmias; however, these were primarily of supraventricular origin and occurred primarily during the early adjustments to HU. Although the mechanisms that triggered these supraventricular events is speculative, a number of neurohumoral adjustments are occurring during the first 48 h of HU (50), including cardiopulmonary activation (30, 37), diuresis, and natriuresis (12) , and thus may involve one of these factors. The Values are means Ϯ SE; n ϭ 5 rats. Body weight (BW) was measured pre-and post-HU or CC condition. All other variables including heart and left ventricular (LV) weight were measured Post-HU/CC. *P Ͻ 0.05 vs. Pre within group, †P Ͻ 0.05 vs. CC. Fig. 6 . Western blot analysis of the 43-kDa gap junction protein connexin 43 (Cx43) from the hearts of two control rats lysed in either ϩPI or ϪPI buffer. Lysate in the ϪPI buffer was further treated with calf intestinal alkaline phosphatase (CIP). After SDS-PAGE, membranes were probed with anti-Cx43 polyclonal (A) or monoclonal antibody (Ser368) (B) to demonstrate differences in phosphorylation status of Cx43. As a control for loading, membranes were probed for ERK2 (C).
arrhythmic index returned to baseline by the last 48 h of the HU intervention, further supporting that these arrhythmic events were related to these early adjustments to HU. It may also be possible that compensatory changes in Cx43 expression and phosphorylation occurred early during HU. Future studies addressing the time course of changes in Cx43 expression would be necessary to determine whether compensatory adjustments in Cx43 are responsible for the resolution of these arrhythmias.
Our data indicate that HU rats experienced a significantly greater number of cardiac of ventricular arrhythmias, most notably during the combined pharmacological and behavioral sympathetic stressor (Figs. 3 and 4) . Iso administration was effective at provoking cardiac arrhythmias in both groups with a trend toward a greater arrhythmic burden in the HU rats, although this effect did not reach statistical significance. However, upon administering an additional behavioral stressor through BR, while we observed that this maneuver was highly arrhythmogenic in the HU rats, there was no further increase in the arrhythmic burden in CC rats (Fig. 3) . This finding may indicate that the HU rats have a greater sympathetic response to behavioral stress. This possibility is supported by the finding that upon administration of the BR, the reversal of the hypotensive response to Iso was much greater in the HU versus CC rats (Fig. 5, top) . It is possible that the HU rats have a greater behavioral vulnerability to stress, which would be supported by our previous findings that HU rats display anhedonia, a central feature of psychological depression, following 14 days of deconditioning (33) . This effect likely imposed a greater hemodynamic burden, since mean arterial pressure was higher in HU rats, while HR was not different during the BR, thus resulting in a higher rate pressure product in HU rats. This could contribute to a higher afterload and thus a higher myocardial oxygen demand increasing the arrhythmic response in HU rats. In addition these findings corroborate with anecdotal data obtained from astronauts during spaceflight. Although there are few studies that have systematically evaluated astronauts' predisposition to cardiac arrhythmias during microgravity, one such study (40) found that there was no significant increase in the number of ventricular or supraventricular events during extravehicular activity during spaceflight; however, there have been several reports regarding incidents of ventricular arrhythmias in astronauts during spaceflight (16, 23) . Additionally, there is evidence from studies using a groundbased model of spaceflight in humans indicating a greater increase in microvolt T-wave alternans, (17) as well as increased QT variability (41), both electrocardiographic evidence of repolarization heterogeneity that is associated with arrhythmic risk. Data from our study indicates that 14 days of HU resulted in significantly shortened PR interval in the absence of any change in QRS duration. This effect is likely due to heightened sympathetic activation in HU rats immediately following the HU intervention (29) and would corroborate with both the tachycardia, reduced SDNN, and previous findings indicating HU results in cardiac sympathovagal imbalance (33) . The QT interval duration corrected for elevated HR (QT c ) was not different between groups but increased in both HU and CC rats following the 14-day protocol, perhaps reflective of changes due to growth or maturation. Our findings further support the notion that the cardiac sympathovagal imbalance following cardiovascular deconditioning increases cardiac arrhythmogenic risk.
Although the cellular mechanisms that mediate the increased predisposition to cardiac arrhythmias in response to cardiac sympathovagal balance are not well understood, one possibility we wanted to explore is that an alteration in LV-Cx43 expression and phosphorylation status may play a role. To investigate this possibility, our experimental design necessitated using a separate group of rats to avoid the confounding effects of Iso, as administration of this drug is a method used to induce heart failure (10). Thus we measured Cx43 expression in a separate group of HU and CC rats to determine the Cx43 expression status in the heart following deconditioning at a point before which an acute stressor would be induced. Data indicate that this second group of rats used in experiment 2 (Table 3) was deconditioned nearly identically to those rats used in experiment 1 (Table 1) .
In general it is thought that reduced phosphorylation and expression of Cx43 results in reduced cell-to-cell electrical coupling of cardiomyocytes and promotes arrhythmic potential (6) . However, data indicate that increased expression of Cx43 following myocardial ischemia can occur, specifically when Fig. 7 . Western blot analysis of the 43-kDa gap junction protein Cx43 from the hearts of a separate group of CC (n ϭ 5) and HU (n ϭ 5) rats. A: representative blot from one CC and one HU rat. After SDS-PAGE, membranes were probed with an anti-Cx43 polyclonal to quantify the total Cx43 expression (top), or monoclonal antibody to quantify the expression of unphosphorylated Cx43 (Ser368) (middle). As a control for loading, membranes were probed for ERK2 (bottom). B: mean data indicating significantly higher total Cx43 expression in HU vs. CC rats. C: mean data indicating no significant difference in unphosphorylated Cx43 expression in HU vs. CC rats. *P Ͻ 0.05. myocytes couple to myofibroblasts through Cx43 (54) . In addition, heart failure following cardiomyopathy in hamsters results in increased arrhythmogenesis and increased expression of phosphorylated Cx43 at Ser255 residues. We found that HU resulted in increased expression of Cx43 at the band that migrates consistent with phosphorylated Cx43 (45) .
Furthermore, we found that there was low expression in unphosphorylated Cx43 in both CC and HU rats with no significant difference between these groups when we probed the lysate with an antibody directed against an unphosphorylated Ser368 residue (Fig. 7) . Control studies (Fig. 6) indicate that this antibody is specific to the unphosphorylated form of Cx43 since forced dephosphorylation of lysates by removing phosphatase inhibitors and adding calf intestinal phosphatase results in a high level of Cx43 detection with an antibody specific to unphosphorylated Ser368 as well as an increased mobility using SDS-PAGE consistent with unphosphorylated Cx43 (6, 36) . When lysates generated in the presence of phosphatase inhibitors are probed with an antibody for total Cx43, we found a decreased mobility using SDS-PAGE and expression patterns consistent with phosphorylated Cx43, confirming previous findings (6, 36) . This is the same migration pattern we observed when probing for total Cx43 in HU versus CC lysates. Taken together we interpret these findings that HU results in increased expression of phosphorylated Cx43.
Although these findings seem counter to the general idea that reduced expression and phosphorylation of Cx43 is associated with increased arrhythmogenesis, there are several possible explanations for these results. First, most previous studies regarding the role of LV-Cx43 in the pathogenesis of cardiac arrhythmias have been largely conducted within the setting of acute ischemia, infarction, and heart failure and may not completely correspond to the pathophysiology of cardiovascular deconditioning produced during hindlimb unloading. Ischemia results in rapid dephosphorylation and uncoupling of cardiomyocytes (6); however, there is no evidence to indicate that HU rats have any ischemic cardiac disease at rest and in fact have very few spontaneous arrhythmias during the mid to late stages of HU (Fig. 2) or following removal from HU in the normal posture (Fig. 3) . It is only when rats are subjected to an acute stressor do they develop ventricular arrhythmias. In addition HU rats displayed no signs of overt or subclinical signs of heart failure or cardiomyopathy, and there were no differences in the heart-to-body weight or LV-to-body weight ratios (Table 2) , a finding consistent with previous studies (39) . Second, although phosphorylation of Cx43 is generally thought to be cardioprotective and Cx43 requires phosphorylation to be correctly inserted within gap junctions of the intercalated disc of cardiomyocytes (27, 28) , there is evidence to suggest that some phosphorylation sites, including Ser255 (28, 49) and Ser368 (13, 49) , mark the protein for degradation and may play a pathogenic role in cardiac arrhythmogenesis. Furthermore, increased phosphorylation and expression of Cx43 has been documented to occur when cardiomyocytes couple with myofibroblasts (54) and in cardiomyopathic heart failure (44), supporting a role for upregulation of Cx43 expression and phosphorylation resulting in arrhythmic substrate under these pathological conditions.
Finally, this finding may be indicative of a compensatory upregulation of Cx43 expression. It is interesting to consider that perhaps HU rats would have had a greater arrhythmic burden if the changes in Cx43 expression did not occur. Previous studies have shown that ␤-adrenoreceptor activation increases the expression of Cx43 in a cell culture model, including findings indicating increased Cx43 mRNA (42) . Since cardiac sympathetic tone increases during the process of HU (33, 35) and increased sympathetic tone has been well established to increase the arrhythmogenic potential of myocardium (42) , this possibility is quite plausible. Future studies would need to be conducted to determine whether HU results in increased Cx43 mRNA or whether the increased expression is solely relegated to increased expression of phosphorylated Cx43 at more "pathological" residues.
Perspectives and Significance
Although it has been well established that cardiac autonomic imbalance increases the predisposition to cardiac arrhythmias (48, 56, 61) , there is little hard mechanistic data at the cellular and molecular level linking these two observations. Data from the current study indicate that in the HU rat model, which has increased basal sympathetic tone and dramatically reduced parasympathetic tone (33, 35) , there was an increase in the arrhythmic burden to sympathetic stressors and increased expression of Cx43, likely of the phosphorylated form. This raises the possibility that changes in Cx43 expression and phosphorylation status may be responsive to changes in cardiac autonomic tone and thus a mechanism responsible for the increased arrhythmogenic potential in the autonomically imbalanced heart. Furthermore, this suggests that cardiovascular deconditioning not only leaves the brain vulnerable to behavioral pathology, as we previously found these rats experience anhedonia (33) , but also leaves the heart vulnerable to cardiac insult as well. These findings indicate that the HU is an excellent model in which to further explore the role of cardiac autonomic tone in the pathogenesis of behaviorally induced cardiac arrhythmia, as well as its role in the regulation expression and phosphorylation of Cx43 in a more novel pathological state.
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